1. INTRODUCTION {#sec1}
===============

Genome integrity is the genetic basis for maintaining cell homeostasis and governing cellular proliferation, differentiation and death \[[@r1]\]. However, genome stability is constantly threatened by intracellular and exogenous factors causing DNA damage, among which DSBs cause the most severe lesions to eukaryotic genome \[[@r2]\]. DSBs can be triggered by both intrinsic and extrinsic factors. Endogenously, DSBs occur at the process of meiotic recombination mediated by Spo11 and transcription by type II topoisomerase (Top II) \[[@r3]\]. These breaks are usually stringently controlled, initiated *via* specific enzymes above and followed by signaling pathways to ensure appropriate repair. Exogenously, DSBs are resulted from reactive oxygen species (ROS), ionizing radiation and certain chemotherapeutic drugs \[[@r4]\]. The ionizing radiation-related DSB formation is mainly accomplished by the attack of free radical generated from water ionization, while chemotherapeutic drugs leading to DSBs mostly through forming covalent bonds with nucleic acid bases to generate DNA crossovers \[[@r5]\]. Right after DSB formation, sensors transmit the signal to downstream effectors through a series of transduction cascade mainly mediated by ataxia telangiectasia mutated (ATM) \[[@r6]\]. The effectors further activate signaling pathways for cell cycle arrest and DNA repair, or cell death if DSBs are irrepairable \[[@r7]\].

Neurodegenerative diseases contribute to disability and premature death among older people, sharing the common pathological feature of insoluble aggregates in or among neurons and glial cells \[[@r8]\]. Aggregations are characterized by depositing amyloid-β (Aβ) and phosphorylated microtubule-associated protein tau in AD \[[@r9]\]. In HD, protein aggregation results from the expansion of glutamine repeats in the mutated huntingtin (Htt) \[[@r10]\]. Furthermore, TAR DNA-binding protein 43 (TDP43) is aggregated in ALS \[[@r11]\]. The elevated levels of autophagy and apoptosis account for neuron loss in neurodegeneration \[[@r12]\]. Neurodegenerative diseases show common deficiency of DSB repair with different mechanisms. Since the deficiency of DSB repair can lead to apoptosis and cell death. We consider it a general pathway that DSB abnormity causes neuron loss through apoptosis in neurodegenerative diseases. In this review, we discussed the role of DSBs in a range of neurodegenerative disorders.

2. DNA-DAMAGE RESPONSE {#sec2}
======================

2.1. ATM and MRN as Key Components in DSB Signaling {#sec2.1}
---------------------------------------------------

DSB is the most severe form of DNA lesions due to ionizing radiation, ultraviolet light and some toxic chemicals \[[@r13]\]. To fight against the threats caused by DNA damage, a vast signal transduction system, DNA-damage response (DDR), is evoked to modulate protein activity and interaction, gene expression and cellular metabolism \[[@r14]-[@r16]\].

During the initial process of DDR, ATM which belongs to the family of phosphatidylinositol-3 kinase related kinases (PIKKs) is one of the most important enzymes regulating cellular responses \[[@r6], [@r17]\]. In unperturbed cells, ATM usually exists as an inactive homodimer with its kinase domain bound to a nearby ATM. This interaction deprives ATM of its ability to phosphorylate substrates \[[@r18]\]. After DSB induction, ATM can be recruited to DSB sites without changes in its quantity \[[@r18], [@r19]\]. Besides, the quiescent dimer dissociates into monomers along with autophosphorylation at serine 1981. The activated ATM is endowed with the ability to phosphorylate downstream targets to regulate cellular responses including cell-cycle arrest, DNA repair or apoptosis \[[@r20], [@r21]\]. Notably, ATM leads to phosphorylation of the histone H2A variant H2AX, facilitating protein accumulation related to DNA repair \[[@r22]\].

Previous research suggested that activation of MRE11-RAD50-NBS1 (MRN) sensor complex was ATM-dependent \[[@r23]\]. However, MRN can recognize and bind to the DSB area, in the meanwhile recruiting ATM and serving as an activating cofactor specifically through NBS1 \[[@r24]\]. Mediator proteins, such as breast cancer type 1 (BRCA1) and p53-binding protein (p53BP1) are recruited to DSB sites by MRN \[[@r25], [@r26]\]. DSBs are mainly repaired in two competitive pathways, homologous recombination (HR) mediated by BRCA1 and non-homologous end joining (NHEJ) involving p53BP1. Therefore, the balance between BRCA1 and p53BP1 may be a determinant in DSB repair choice \[[@r27]\].

2.2. Two Principal Pathways for DSB Repair {#sec2.2}
------------------------------------------

To effectively proceed DSB repair, ATM activates cell cycle checkpoint kinase 2 (CHK2) and collaborates with it to reduce cyclin-dependent kinase (CDK) activity. This action arrests cell cycle and earns time for DNA repair \[[@r28], [@r29]\]. DSB repair is mainly operated in two pathways Fig. (**[1](#F1){ref-type="fig"}**), NHEJ, which can be carried out at all cellular phases but shows less accuracy because of lacking templates, and HR, which is limited to S and G2 phases but more accurate \[[@r30], [@r31]\].

NHEJ starts with Ku70/80 recognizing and binding DNA free ends \[[@r32]\]. Then DNA-PK catalytic subunit (DNA-PKcs) is recruited to the ends, and together with Ku70/80 forms holoenzyme complex DNA-PK, thus enabling the two broken ends to get close to each other and arrange correctly \[[@r33]\]. Activated DNA-PKcs binds and phosphorylates Artemis nuclease \[[@r20]\]. Artemis cuts the overhang and hairpin sequences so that the broken DNA ends can be connected by XRCC4-XLF-DNA ligase IV after Artemis and DNA-PKcs dissolving from Ku protein \[[@r23]\]. Although NHEJ is not limited by cellular phase, it is relatively inaccurate compared with HR.

In HR, MRN senses the damage and activates DNA cutting to generate 3' ssDNA overhang, which can be wrapped by recombinase polymerase amplification (RPA) complex to prevent the unstable single strand from degradation or secondary structure formation \[[@r20], [@r34]\]. Breast cancer type 2 (BRCA2) mediates RAD51 replacing RPA to search for homologous DNA before invasion. And the invasion of homologous DNA causes displacement loop (D-loop) formation \[[@r34], [@r35]\]. When there is only one DSB end invading, new strain is synthesized according to homologous DNA \[[@r34]\]. While when both ends invade DNA, the first invading strain triggers DNA synthesis to prolong the D-loop \[[@r19]\]. Then the second strain captures prolonged D-loop to form the double Holliday junction (dHJ), which can later be processed by either topologic dissolution or nucleolytic resolution to generate non-crossover or crossover products.

2.3. DSB-induced Apoptosis Contributes in Neurodegeneration {#sec2.3}
-----------------------------------------------------------

Severe unrepaired DSBs activate p53 to modulate several genes related to cell cycle control and apoptotic pathways \[[@r36], [@r37]\]. p53 can be activated to act on apoptosis factor, p53-upregulated modulator of apoptosis (PUMA), CD95 (Fas/APO1) and apoptotic peptidase activating factor 1 (Apaf1) \[[@r38], [@r39]\]. E2F transcription factor 1 (E2F1), which is activated by cell cycle checkpoint kinase 1 (CHK1) and CHK2, also mediates apoptosis. p73 expression is controlled by E2F1, linking DSBs with p73. Besides this the transcriptional targets of E2F1 include apoptosis factor caspase 7 and Apaf1 \[[@r40]\]. Neuronal death caused due to apoptosis is a significant feature shared by multiple neurodegenerative disorders \[[@r12], [@r41], [@r42]\]. And, the impaired DSB repair system can be observed in neurodegenerative diseases. We consider that DSB repair deficiency may lead to these disorders through apoptosis.

2.4. Detection of DSBs {#sec2.4}
----------------------

In response to DSBs,ATM phosphorylates serine 139 and tyrosine 142 of H2AX to form γH2AX, a recognized marker for DSBs \[[@r43], [@r44]\]. γH2AX participates in multiple signaling pathways, such as nucleotide excision repair (NER), chromatin remodeling and apoptosis \[[@r43], [@r45]-[@r47]\]. Therefore, colocalization of γH2AX with other DSB markers, such as p53BP1 is usually adopted as an evidence for DSBs. Another detection method of DSBs is to conduct comet assay in neutral conditions \[[@r48]\]. However, neither immunofluorescence staining nor comet assay can offer DSB information in a genome-wide resolution.

Next-generation sequencing (NGS) technique is now widely used in DSB detection. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) can provide a genome-scale view of DNA-protein interactions. γH2AX/p53BP1 ChIP-seq analysis combined with known genomic features offers information about genome-wide DSB sites and features \[[@r49]\]. Chromosome translocation is a severe genomic defect caused by incorrect DSB repair or chromosome rearrangement in B cells. High-throughput, genome-wide translocation sequencing (HTGTS) has been developed to detect DSBs, identifing translocation junctions and elucidate translocation mechanisms \[[@r50], [@r51]\]. Recently, a sensitive and

quantitative technique, end sequencing, is developed to show the landscape of DSBs and end resection *in vivo*. End sequencing offers high sensitivity to detect one DSB-containing cell among 10000 cells without DSBs \[[@r52]\]. These NGS techniques increase the possibility to better understand DSBs and genomic instability.

3. DSBS AND ALZHEIMER'S DISEASE {#sec3}
===============================

Alzheimer's disease is the most common age-related neurodegenerative disease that affects a growing population of aging people \[[@r53]\]. Genetically, AD can be separated into two forms, familial AD (FAD) with a lower prevalence and sporadic AD (SAD) \[[@r54]\]. Mutations in presenilin 1 (PSEN1) and presenilin 2 (PSEN2) account for most FAD \[[@r55]\], and a few cases can be explained by amyloid precursor protein (APP) mutations \[[@r56]\]. As for SAD, apolipoprotein E (APOE) ε4 allele accounts for most of the genetic risks \[[@r57]\]. AD is characterized by common pathological hallmarks of amyloid plaques accumulated by Aβ and neurofibrillary tangles composed of hyperphosphorylated tau aggregates \[[@r58]\]. Whether these pathogenic protein accumulations cause damage *via* separate, common or partly overlapping mechanisms, remains unknown. However, both Aβ and tau signaling pathways have shown significant correlation with DSBs at different degrees \[[@r59], [@r60]\], which may provide a new clue for AD therapy.

3.1. Aβ Reduces Expression of BRCA1 Through Extrasynaptic NMDARs Activation {#sec3.1}
---------------------------------------------------------------------------

Neuronal activity physiologically leads to DSBs in the promoters of early response genes involved in learning and memory, such as FBJ osteosarcoma oncogene (Fos), neuronal PAS domain protein 4 (Npas4) and early growth response 1 (Egr1), further causing removal of topological constrains to gene expression \[[@r61]\]. Early response genes are considered to promote expression of late response genes, ultimately regulating synaptogenesis. These physiological DSBs are under strict control and can be repaired on time. However, Aβ accumulation delays DSB repair Fig. (**[2](#F2){ref-type="fig"}**). Mice transgenic for hAPP with abnormal accumulation of Aβ showed elevated levels of neuronal DSBs in hippocampus whether at baseline or after exploration for novel environment. Both exploration behavior and elevated Aβ increases the DSBs *via* neuronal activity \[[@r59]\]. Aβ oligomer treatment on primary neurons, which leads to excessive activation of N-methyl-D-aspartate receptors (NMDARs) \[[@r62]-[@r64]\], can cause elevated level of neuronal DSBs \[[@r59]\]. However, blocking extrasynaptic NMDARs prevents this augment \[[@r59]\], indicating the role synaptic dysfunction plays in Aβ-induced DSBs. Meanwhile, NMDA-stimulated primary neurons without Aβ oligomers treatment show a transient increase of DSBs but then a decline to baseline. Similarly, NMDA stimulation leads to a prolonged DSB elevation when intrasynaptic NMDARs are blocked. Elsa *et al*. \[[@r59]\] concluded that Aβ interfered with NMDARs participating in repairing the activity-induced neuronal DSBs.

Recently, 70% and 75% reduction of BRCA1 is respectively observed in dentate granule (DG) of AD patient and hAPP mice \[[@r65]\]. BRCA1 is a key DNA repair factor, the deficiency of which causes cell death \[[@r66], [@r67]\]. Aβ treatment reduced BRCA1 in primary neurons by 50%. And extrasynaptic NMDARs stimulation on primary neuronal cultures also leads to a decrease of BRCA1 levels but an increase of BRCA1 mRNA levels \[[@r65]\], suggesting an extrasynaptic NMDARs-related post-transcriptional depletion of BRCA1. BRCA1 knockdown in DG of wide-type mice leads to long-term synaptic plasticity impairment, as well as learning and memory deficiency \[[@r65]\]. Further exploration of the mechanisms reveals that BRCA1 reduction affects neuronal structure and function instead of neuronal loss. Histone and chromatin modifications play a significant role in cognition and memory diseases \[[@r68], [@r69]\]. And BRCA1 reduction increases the neuronal levels of dimethylated lysine 9 of histone 3 (H3K9me2) \[[@r65]\], suggesting that neuronal dysfunction may be related to chromatin remodeling. It seems contradictory that BRCA1, which mainly participates in HR, contributes to DSB repair in neurons. However, studies about BRCA1 in mitotic cells show that it is important for NHEJ fidelity \[[@r70]\]. Besides, it also participates in non-classical NHEJ \[[@r71], [@r72]\]. But, further research about how BRCA1 functions in DSB repair of neurons is needed.

3.2. Tau Induces Heterochromatin Loss Through Oxidative Stress {#sec3.2}
--------------------------------------------------------------

Oxidative DNA damage and activation of cell cycle, which are present in human AD brains, have been verified to be an important part of tau-induced neurodegenerative disorders. Pathological tau inhibits association of dynamin related protein 1 (Drp1) with mitochondria, causing ROS production \[[@r73]\]. Feany *et al*. induce oxidative stress and DNA damage in tau-neurotoxic models, Drosophila function-loss mutants in Thioredoxin reductase-1 (Trxr-1^481^) and Superoxide dismutase 2 (Sod2^Δ02^) \[[@r60]\]. In both flies, they find elevated levels of comet tail DNA, along with reduced levels of H3K9me2 and heterochromatin protein 1 (HP1) \[[@r60]\], suggesting heterochromatin loss induced by oxidative stress in tauopathy. To figure out whether heterochromatin loss-induced abnormal gene expression contributes to tau-related toxicity, they have performed ChIP-seq based on H3K9me2 and then focused on Argonaute3 (Ago3), homolog of human P-element-induced wimpy testis-like 1 (PIWIL1) which regulates piRNAs to silence transposons \[[@r74]\]. Ago3 is evidently reduced in tau transgenic Drosophila. Fewer apoptotic and PCNA-positive cells are found when RNAi targeted on Ago3 is expressed in transgenic Drosophila \[[@r60]\]. And upregulated Ago3 or PIWIL1 in tau transgenic Drosophila or human AD patients supports a possible therapeutic target. Similar to tau transgenic Drosophila, H3K9me2 is found to be depleted, while PIWIL1 is elevated in neurons separated by fluorescence activated cell sorting (FACS) of human Alzheimer's disease \[[@r75]\]. In addition, consistent with previously proven phenomenon of conserved gene expression from brain to peripheral tissues in neurodegenerative diseases, 34.3% of heterochromatically silenced genes in control peripheral blood are significantly higher expressed in patients \[[@r60]\].

Tau ablation in hAPP mice reduces baseline and exploratory increase of neuronal DSBs, while showing limited change in WT mice \[[@r59]\]. Besides, CDK5 is also involved in tau hyperphosphorylation \[[@r76]\]. Given that pathological effects of tau and Aβ in AD are complicated and intertwined, it is reasonable to suspect that there might be more overlapping mechanisms between Aβ-related and tau-related DSBs.

3.3. Nuclear Loss of CDK5 Induces Cell Cycle Reenter {#sec3.3}
----------------------------------------------------

Increased DSBs promote reactivation of cell cycle, which is an important feature of AD. These neurons forced into cell cycle show tendency to apoptosis \[[@r77]\], which is termed cell cycle-related neuronal death (CRND). Nucleus cyclin-dependent kinase 5 (CDK5) forms a complex with E2F1, p35 and p27, acting as a cell cycle suppressor \[[@r78]\]. Serum starvation, which arrests cell cycle, in NIH 3T3 cells leads to increase in nuclear CDK5 by 2-fold and a decrease of cytoplasmic CDK5 by one-third. After returning serum, which reinitiates cell cycle, CKD5 migrates from nuclei to cytoplasm \[[@r79]\]. Loss of nuclear CDK5 is also observed when primary neurons are exposed to Aβ to induce cell cycle reentry and cell death \[[@r79]\]. Besides, in the brains of human AD patients and R1.40 mice, a line of AD model mice carrying hAPP, neuronal cell cycle reentry is accomplished by nuclear CDK5 loss. And overexpression of CDK5 in the nuclei of CDK5^-/-^ neurons blocks cell cycle, but the overexpression in cytoplasm is found to be ineffective \[[@r79]\], indicating that loss of nuclear CDK5 leads to cell cycle reenter. Interestingly, CDK5 in neuronal cytoplasm delays activation of caspase-3 and degradation of B cell leukemia/lymphoma 2 (Bcl-2) \[[@r80]\], indicating a protective role of cytoplasmic CDK5. However, excess CDK5 is generally considered neurotoxic. Nuclear CDK5 is reported to phosphorylate and destabilize myocyte enhancer factor 2 (MEF2) to promote neuronal apoptosis and cell death \[[@r81], [@r82]\]. Furthermore, hyperactivation of CDK5 by p25 is also responsible for neuronal cell death \[[@r83]-[@r85]\]. The role of CDK5 plays in cell cycle and cell death is complicated and demands further study.

4. DSBS AND AMYOTROPHIC LATERAL SCLEROSIS {#sec4}
=========================================

4.1. Decrease of TDP-43 in the ALS Motor Nuclei Restrains NHEJ {#sec4.1}
--------------------------------------------------------------

Amyotrophic lateral sclerosis is a progressive neurodegenerative disease, characterized by stiff muscles, denervation, muscle twitching and decreasing \[[@r86]\]. 95% of ALS patients show nucleus-cytoplasmic mislocalization of the RNA/DNA binding protein TDP-43 in spinal motor neurons \[[@r87]\]. TDP-43 migrates from nuclei to cytoplasmic inclusions in spinal motor neurons of sporadic ALS. ALS neurodegeneration associated with TDP-43 toxicity show increased DSBs \[[@r88], [@r89]\]. TDP-43 is a component of early DDR, showing strong association with γH2AX, pATM, and p53BP1 \[[@r90]\]. Laser ablation/live cell imaging shows that TDP-43 can be recruited at DSB sites together with Ku70 and remain at the damage in the whole repair process. Multiple methods including damaged DNA IP assay (dDIP), ChIP/re-ChIP, and proximity ligation assay (PLA) with DSB markers confirm the presence of TDP-43 at DSBs. Loss of TDP-43 in human induced pluripotent stem cell (iPSC) or neural stem cell (NSC)-derived motor neurons results in increased DSBs by 20-fold and activation of DDR even without stimulation \[[@r90]\]. Detection of NHEJ factors by co-IP, ChIP and PLA indicates that recruitment of XRCC4, Lig4, and XLF to DSB sites is strongly suppressed by TDP-43 loss without downregulation of these proteins \[[@r90]\]. And DSB ligation activity in XRCC4 complex is impaired, resulting in ligation defect. Neurons of spinal cord in ALS patients show TDP-43 relocalization in cytoplasm with increased DSB accumulation. In the meanwhile, cleaved poly ADP-ribose polymerase 1 (PARP-1) and cleaved caspase-3 vastly increase in both TDP-43-KO cells and ALS patients \[[@r90]\],suggesting a relation between DSBs with TDP-43 and apoptotic death of motor neruons.

4.2. Relationship between SOD1 and Chromosome Breaks {#sec4.2}
----------------------------------------------------

Mutations in cytoplasmic Cu/Zn superoxide dismutase (SOD1) gene account for 10-20% familial ALS. mG86R SOD1 mouse is a line of ALS model, based on human G86R mutation in SOD1 \[[@r91]\]. When MG86R SOD1 mice are crossbred with C57Bl6/129Sv, ALS onset is delayed. On mouse chromosome 13 between D13mit36 and D13mit76, a genetic modifier locus is identified to be a protective factor \[[@r92]\]. SOD1 overexpression, instead of SOD1 knockdown, leads to ALS-like motor neuron lesion \[[@r93]\], suggesting that mutated SOD1 can obtain toxicity. Overexpression of SOD1 increases chromosome breaks due to oxidative damage. Strikingly, overexpressing of SOD1 shifts the Ku80^−/−^ mice from premature aging to embryonic lethality, but SOD1 transgenic mice show no difference in lifespan with wild type mice \[[@r94]\]. However, SOD1 lethality is affected by a strain-specific modifier. Ku80^−/−^ SOD1 mice generated by other schemes show no difference with Ku80^−/−^ mice \[[@r94]\]. Genomic analysis on DNA from viable and embryonic lethal animals reveals a strong association of embryonic lethality with SJL/J alleles \[[@r94]\], in vicinity to modifier of the SOD1-induced ALS in chromosome 13 \[[@r95]\]. These results suggest that chromosome breaks in neurons may be the key step for the death of motor neurons in ALS induced by SOD1.

5. DSBS AND HUNTINGTON'S DISEASE {#sec5}
================================

5.1. Htt Promotes DSBs Through Inducing Oxidative Stress and Interacting with Ku70 {#sec5.1}
----------------------------------------------------------------------------------

Huntington's disease is an inherited disorder usually caused by a dominant mutation in the gene encoding Htt, with typical symptoms of chorea, mental disorder and progressive dementia \[[@r96]\]. Mutant Htt causes oxidative stress and leads to DSBs \[[@r97], [@r98]\]. Primary neurons treated with mutant Htt show elevated 8-Oxo-2\'-deoxyguanosine (8-oxo-dG) which measures oxidative stress, and increased DSBs detected by neutral comet assay \[[@r99]\]. But oxidative stress is not the only factor to promote DSBs. In striatal neurons of the severe HD model R6/2 mice, mutant Htt interacts with Ku70. R6/2 mice show low DNA-PK activity because of mutant Htt binding to Ku70 \[[@r99]\]. And supplementation of Ku70 rescues DNA-PK activity, as well as neurodegeneration. Upregulating Ku70 in R6/2 mice shows a lifespan elongation of 40% \[[@r99]\]. In addition, overexpression of Ku70 also rescues lifespan and locomotion in both Htt120Q transgenic flies and Htt103Q transgenic flies \[[@r100]\].

5.2. BRCA1 Modulates Spatiotemporal Dynamics of γH2AX upon Genotoxic Stress in HD {#sec5.2}
---------------------------------------------------------------------------------

The phosphorylation of BRCA1 at Ser1423 and Ser1524 by ATM plays a key role in the DDR \[[@r101]\]. Phosphorylation status of BRCA1 is imbalanced in HD striatal cells. The ratio of phosphorylated BRCA1 is increased in mutant Htt (Q111) cells and R6/2 mice \[[@r102]\]. Immunoreactivity of non-phosphorylated BRCA1 is decreased in R6/2 mice, while pBRCA1 (Ser 1423 and Ser 1524) immunoreactivity is increased \[[@r102]\]. DNA damage-induced phosphorylation of BRCA1 recognizes γH2AX by C-terminal repeat domain. In Q111 cells, BRCA1 phosphorylation is delayed. Abnormal BRCA1 in Q111 cells impairs its function in NHEJ *via* γH2AX, increaseing TUNEL-positive DSB accumulation \[[@r102]\]. Deficiency of BRCA1 or imbalance of BRCA1/pBRCA1 delays γH2AX redistribution to nuclei and promotes DSB accumulation \[[@r102]\].

6. DSBS AND A-T {#sec6}
===============

Ataxia Telangiectasia is a rare but severe disability-causing neurodegenerative disease, resulting from mutations in ATM gene. A-T patients are characterized by high sensitivity to DSB-inducing agents and acute cancer predisposition \[[@r103]\]. In A-T cells, defect of DSB repair leads to unrepaired breaks. Trichostatin A (TSA) is a histone deacetylase inhibitor causing a decondensation of chromatin regions and therefore a homogeneous chromatin distribution \[[@r104]\]. After pretreatment or continuous treatment of TSA, chromosomal damage induced by X-ray shows a significant reduction in both wild-type and A-T lymphoblastoid cell lines \[[@r105]\]. However, chromosomal damage reduction only exists in A-T cells after TSA post-treatment \[[@r105]\], indicating that TSA post-treatment may diminish the need of ATM. It is supported by the research that ATM inhibitor-associated persisting DSBs localize to heterochromatin and these DSBs are repaired by the slow repair component of NHEJ \[[@r106], [@r107]\]. In conclusion, chromatin compaction is involved in chromosomal instability of A-T cells.

7. DSBS AND AGING {#sec7}
=================

7.1. Persistent DSBs and Impaired Repair Pathways in Aging {#sec7.1}
----------------------------------------------------------

Efficient DDR signaling pathways are needed to protect cells from DNA damage. While increasing age, γH2AX foci accumulate in multiple human and animal cells and tissues including hematopoietic stem cells (HSCs), dermal fibroblasts, liver, brain and ovarian primordial follicles \[[@r108]\]. These persistent γH2AX may mark DSBs difficult to repair. In aged mice, ATM and its phosphorylation decrease after ionizing radiation. Repair systems, either NHEJ or HR, show declined repair efficacy as well. Old rat cerebral cortex show significant decrease of cohesive end joining activity compared with young adult rat \[[@r109]\]. Similarly, with the increasing age, the whole DDR signaling becomes blunt. Aging-induced DDR bluntness contributes to susceptibility of neurodegeneration since it is closed linked to aging.

7.2. Change of H3K4me3 and H3K27me3 with Age {#sec7.2}
--------------------------------------------

Chromatin decondensation in actively transcribed regions facilitates DSB repair factors functioning in damage sites \[[@r110]\]. Genome-wide H3K4me3 landscape in prefrontal cortex neurons suggests that neurons from infants exhibit a larger number of H3K4me3 than neurons from adults above 60 \[[@r111]\]. And these infant-enriched genes marked by H3K4me3 include neurogenesis, neuronal growth and differentiation genes \[[@r111]\]. Proteins associated with transcriptional suppression are recruited to DSBs and colocalize with H3K27me3 \[[@r112]\]. And H3K27me3 levels increase with age \[[@r113]\]. However, how these chromatin modifications affect aging needs further illustration.

CONCLUSION
==========

DSB is the most severe form of DNA damage. Increasing DSB formation and decreasing repair systems participates in neurodegenerative disorders, such as Alzheimer's disease, amyotrophic lateral sclerosis, Huntington's disease and ataxia telangiectasia. All these diseases show dysfunction of DDR. Cellular response to DSBs consists of a vast range of signaling cascade, starting with recruiting sensor proteins, such as MRN complex, to break sites. Then through ATM and other transducers, signal is widely conveyed to hundreds of effectors to conduct cell cycle arrest, DNA repair or apoptosis, depending on the damage degree.

DSBs are linked with neurodegeneration through apoptosis. In AD patients and R1.40 mice, loss of nuclear CDK5 induces neuronal cell cycle reenter, which is followed by apoptosis. TDP-43 relocaliztion increases DSB accumulation by restraining NHEJ. Elevated level of PARP1 and caspase-3 in both TDP-43-KO cells and ALS patients reveals TDP-43-induced DSBs promote neurodegeneration of ALS through apoptosis. As for HD, abnormal BRCA1 in Q111 cells impairs its function in NHEJ *via* γH2AX, which consequently increases TUNEL-positive DSB accumulation indicating apoptosis enhancement.

Relationship between DSBs and Neurodegeneration requests participation of histone and chromatin modifications. Tau induces heterochromatin loss through oxidative stress. Reduced levels of H3K9me2 are found in tau-neurotoxic flies and human AD neurons. Reducing level of H3K9me2-related Ago3 in tau transgenic Drosophila rescues tauopathy. And upregulated Ago3 or PIWIL1 in tau transgenic Drosophila or human AD patients suggests a therapeutic target. In AD mice, Aβ reduces expression of BRCA1 through extrasynaptic NMDARs activation. Surprisingly, BRCA1 reduction does not cause neuronal apoptosis or loss. Instead, it leads to change of neuronal structure and function. BRCA1 reduction also increases neuronal H3K9me2 levels, suggesting a role of chromatin remodeling. However, the precise role requests further research. Human neuronal APP gene recombination exists in brains of both healthy controls and SAD patients, occurring as genomic cDNAs (gencDNAs). However, amount of APP gencDNAs increases 3-fold to 5-fold in SAD brains, and some gencDNAs produce toxic proteins to induce cell death in SH-SY5Y cells \[[@r114]\].

Overexpression of SOD1 shifts the Ku80^−/−^ mice from premature aging to embryonic lethality. The lethality is associated with SJL/J alleles which lies in vicinity to modifier of the SOD1-induced ALS, suggesting a key role of that chromosome breaks in death of ALS motor neurons. In A-T cells, chromatin compaction is involved in chromosomal instability. DDR is associated with modifications of chromatin and DNA repair proteins. Therefore, these epigenetic modifications specific to neuronal may be crucial for the neurotherapeutic strategies.

Even though DDR abnormality is closely linked to neurodegeneration, transgenic mice with disrupted DNA repair factor seem not to cause neurodegeneration. The most important reason is that majority of these mice show developmental defects and some gene deficiency even results in embryo death which makes it hard to track neurodegeneration \[[@r115]\]. But some unlethal repair-deficient mice, such as ATM^−/−^ mice and Ku80^−/−^ mice which are supposed to show neurological disorders do not appear to cause neurodegeneration. Both miR-26a and miR-101 show a positive correlation with ATM level in breast cancer \[[@r116]\]. Interestingly, reduction of miR-26a leads to upregulation of death-associated protein kinase 1 (DAPK1), which contributes to dopaminergic neuron degeneration in PD \[[@r117]\]. In addition, reduced level of miR-101 in AD mice has been proven to upregulate AMP-activated protein kinase (AMPK) and cause memory deficits \[[@r118]\]. Reduced ATM leads to low level of miR-125b \[[@r119]\]. Downregulation of miR-125b is also observed in APP/PS1 mice to target on melatonin receptor 2 (MT2) and cause synaptopathy \[[@r120]\]. Theoretically, ATM deletion should lead to multiple neurodegenerative diseases not only through DDR but also by regulating protein kinases. However, mice seem to be resistant to these dysregulation in nervous system. Maybe single gene is not specific enough to imitate neurodegeneration \[[@r121]\]. In the future, combinatorial gene operation may be able to better imitate the diseases.

Neuropharmacological treatment targeting DNA repair may be the potential strategy for neurodegenerative diseases. Blood-brain barrier crossing iron chelators, which induces ATM activity and causes increased DNA repair, might have clinical efficacy in treating PD \[[@r122]\]. Considering that targeted deletion of Ligase III in the central nervous system causes debilitating ataxia in mice, reduced level of Ligase III protein and the consequent mtDNA repair defect may cause A-T neurodegeneration \[[@r123]\]. Therefore, supplement of Ligase III may contribute to A-T treatment. Compounds capable of arresting the aberrant cell cycle may be neuroprotection in AD. In the case of Aβ toxicity, CDK5 inhibitors, flavopiridol, mimosine and roscovitine have shown neuroprotective activity in cultured neurons. Besides, ddC, a preferential inhibitor of DNA pol-β, prevents Aβ-induced DNA replication and apoptosis in neurons \[[@r124]\]. So far, molecular-targeted therapies for neurodegenerative diseases are still lacking. In the future, new mouse models imitating DSB-related neurodegeneration may provide new insights to therapeutic strategies.
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![Repair of DSBs through HR and NHEJ. *(left)* MRN activates DNA cutting to generate 3' ssDNA overhang which is later wrapped by RPA for protection. Then BRCA2 mediates RAD51 to form nucleoprotein filament. Strain is synthesized after invasion of template DNA. *(right)* DNA-PKcs is recruited to form DNA-PK after Ku70/80 recognizes break sites. DNA-PK arranges broken ends to get close correctly. Artemis nuclease cuts the overhang and hairpin sequences. Then broken ends are connected by XRCC4-XLF-Lig IV. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CN-17-1146_F1){#F1}

![Aβ reduces expression of BRCA1 through extrasynaptic NMDARs activation. Aβ decreases GLAST and GLT-1 expression in astrocytes to reduce uptake of glutamine and induces glutamine spillover to extrasynaptic NMDARs. Activation of extrasynaptic NMDARs leads to decrease of DSB repair factor BRCA1. Then decreased BRCA1 causes long-term synaptic plasticity impairment as well as learning and memory deficiency. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CN-17-1146_F2){#F2}
